Abstract
Introduction
Fluorine compounds have been widely used in many fields, with emphasis in medicinal and material sciences. The inclusion of fluorine atoms and/or fluorinated groups provide new and unusual molecular properties, which indeed can be used to obtain more active and selective drugs and materials with improved efficiency. 1, 2 In this sense, Durie et al. reported the synthesis of the all-syn-1,2,4,5-tetrafluorocyclohexane
(1) and the all-syn-1,2,3,4-tetrafluorocyclohexane (2, Scheme 1), 3, 4 which were shown to have high polarity and low viscosity, and, hence, are potentially new candidates to be used as liquid crystal materials. Some 1 H NMR resonances of 1 and 2 showed unusually strong upfield shifts on going from CD 2 Cl 2 to toluene solution, which were not fully understood at the time. 3 We now report theoretical calculations for 1 and 2 using simple solvation models in order to highlight the specific interactions with aromatic solvent molecules which give rise to these unusual upfield shifts.
Scheme 1
A model for the interaction between the fluorinated cyclohexane moieties and aromatic groups was provided by the recent synthesis and characterisation of all-syn-3-phenyl-1,2,4,5-tetrafluorocyclohexane (3). 5 Using a suitable computational protocol, we now report on the effect of intermolecular packing on the 1 H chemical shifts in 3, which is of interest in relation with the abovementioned solvent shifts in 1 (and 2).
Results and Discussion
The experimental 1 H NMR chemical shifts of 1 and 2 in CD 2 Cl 2 and toluene-d 8 of allsyn-1,2,4,5-tetrafluorocyclohexane (1) and all-syn-1,2,3,4-tetrafluorocyclohexane (2) are included in Table 1 . The shielding of the 1 H resonances on going from dichloromethane to toluene is a manifestation of the well-known aromatic solvent induced shift (ASIS), 6 albeit of exceptional magnitude, as individual chemical-shift changes reach up to Δδ =1.7 ppm. In order to rationalize these findings, we performed density functional theory (DFT) calculations for 1 and 2 ( Figure 1 ), as well as their complexes with a single benzene molecule (as a model for toluene) 7 attached at the "positive face", i.e., on the opposite molecular side of the axial fluorine atoms (Fig. 2 ). Figure 1 ). Table S1 in the ESI), but also intramolecular F ... F interactions within 1 and 2 (also for the free molecules, not shown). Such interactions have attracted much interest and controversy in the literature. 11, 12 According to our NCI analysis (see Figure 3 ) these interactions are classified as attractive. Solute-solvent interaction potentials were obtained through relaxed scans of salient distances between aliphatic H and aromatic C atoms in steps of 0.03 Å at the B3LYP and B97-D levels (B3LYP results shown in Figure 4 ). The B97-D level was chosen in addition to the popular B3LYP functional because it was suspected that dispersion interactions would be very important. Indeed, on going from B3LYP to B97-D the minimum deepens considerably (from ca. -1.6 kcal/mol, see Figure 4 , to ca. -6 kcal/mol, see Figure S1 ) and is shifted to shorter distances (from ca. 3.1-3.2 Å to ca. 2.6-2.7 Å).
Essentially the same results are obtained when the empirical dispersion corrections 13, 14 are added as single points to the structures of the B3LYP scan (see B3LYP-D and B3LYP-D3 data in Figure S1 ).
The
1 H chemical shifts were calculated both for free molecules 1 and 2 and for their complexes with benzene, using B3LYP and B97-D geometries. It was expected that the difference between the isolated molecules and the benzene complexes could be related to the observed solvent shifts on going from CH 2 Cl 2 to toluene. In fact the results for both sets of structures (B3LYP and B97-D) follow the observed trends reasonably well in a qualitative sense, in particular for compound 1, where the relative order shifts of the individual signals is well reproduced (see filled circles in the plot in Figure 5 ).
Interestingly the shifts calculated for the B3LYP structures afforded a slightly better qualitative agreement with experiment (compare the  values in Table 1 ) than those calculated for the tighter B97-D minima (Tables S2-S5) . For the latter, individual deviations between modeled and observed solvent shifts can reach up to ca. 2 ppm (e.g.
for H8 in compound 2, Table S5 ). As a consequence of such complexation of 1 and 2 with benzene, the benzene ring current 15 effectively shields those hydrogen atoms in its "shielding cone" perpendicular to the molecular plane. It is thus the hydrogen atoms lying in the positive molecular ESP area, i.e., atoms H8, H11 and H14, which experience the highest shielding effect, since these interact strongly with the solvent and, hence, are closer to the shielding cone of the aromatic rings. As mentioned above, when dispersion corrections are included in calculating the alkane-arene interaction energies (either via B3LYP-D3 single points or at the B97-D level), the minima in Figure 4 deepen and shift to lower distances ( Figure   S1 ). The chemical shifts are sensitive to this distance and deteriorate noticeably for such dispersion-corrected minima. Apparently B3LYP (which describes the leading electrostatic contributions correctly) affords reasonable models for averaged (rather than equilibrium) structures in these cases.
For a more quantitative description, one would have to include more solvent molecules and model their time-averaged effect on the solute shifts, e.g. by way of molecular dynamics simulations. That our simple theoretical model can already capture a large part of the observed effect can be taken as evidence for a predominance of solute-solvent complexes like those in Figure 2 in the dynamic ensemble in solution.
Note that the observed pattern in the solvent shifts is due to ring-current effects in such solute-solvent complexes, rather than to bulk solvation effects. This is demonstrated by repeating the NMR calculations for the monomer immersed in a polarisable continuum (PCM) modeling benzene. Relative to the gas phase results, the obtained NMR chemical shifts are deshielded rather uniformly without distinguishing protons from either face (by ca. 0.3 ppm and 0.2 ppm for 1 and 2, respectively, see Table S6 ). Recently the synthesis and structure of all-syn-3-phenyl-1,2,4,5-tetrafluorocyclohexane (3) was reported. 5 This compound is an analogue of 1, which was also proposed as a new structural motif for liquid crystals. This compound turns out to be a good model to analyze the complexation of 1 with aromatic groups, since it was possible to obtain the X-ray structure for 3 and it was observed that the phenyl groups interact with the "positive face" of cyclohexane rings in neighboring molecules in almost the same geometry we have obtained for 1 (Figure 6c ).
Comparing the observed intermolecular cyclohexane-arene distance in 3 (C ... H  3.46 Å) with that in 1 . C 6 H 6 , the B3LYP-optimised values for the latter are closer (ca. Table S8 ), i.e. by much less than for the pristine benzene complexes 1 . C 6 H 6 and 2 . C 6 H 6 discussed above. Overall, the B3LYP/def2-TZVP level performs best in reproducing the structure in the solid, as judged by the root-mean-square deviation (RMSD) between the optimised and observed coordinates of all C and F atoms in the trimeric QM region (ca. 0.04 Å, Figure 7a ). All other level/basis-set combinations (including dispersion-corrected functionals) afford slightly higher RMSDs, up to ca.
0.08 Å (Table S8) . 9 The effect of the crystal environment on the relative orientation of the molecular interactions can be probed by relaxing a section, e.g. the trimer shown in Figure 7a , in the gas phase. As can be seen in Figure 7b , the B3LYP/def2-TZVP minimum of this trimer in the gas phase is noticeably distorted from that in the crystal. black/dark blue), including root-mean-square deviation between both (RMSD, in Å). Figure 6 ). Tables 1 and 2 ). Also, the computed trends upon complex formation for compound 3 are similar for that obtained for compound (Table 2 ).
These findings confirm that, as expected, the intermolecular contacts seen in the crystal are all lost upon dissolution in CDCl 3 (i.e. no smaller aggregates are preserved). The  values between monomer and complex in Table 2 can serve as predictions for the expected solution-to-solid shifts once solid-state NMR studies of compound 3 become available.
Conclusion
Overall, simple theoretical models can rationalise the experimentally observed 
Computational Details
Geometries were fully optimized at the B3LYP/def2-TZVP and B97-D/def2-TZVP levels, respectively, and magnetic shieldings evaluated at the BHandH/6-311+G(2d,p) level (Tables S2-S5 in the ESI †) by using Gaussian 09 Revision A.02 program. 17 1 H magnetic shieldings were converted into relative shifts  using the 1 H magnetic shielding in TMS computed at the same respective levels (31.62 ppm and 31.38 ppm for B3LYP and B97-D geometries, respectively). Selected calculations were also performed using a polarisable continuum model in the NMR calculation (in its integral equation formalism variant, IEF-PCM), 18 using the parameters of benzene (dielectric constant 2.27). The QTAIM and NCI methods were carried out by using the AIMALL 19 and NCIPLOT 20 programs, respectively, on the B3LYP/def2-TZVP obtained electron densities.
The QM/MM protocol 16 for optimising the crystal structure of 3 was carried out by using the Chemshell 21 program linked to ORCA 22 program and adapted as follows: A cluster with a radius of 42 Å (containing 33,880 atoms/1210 molecules) was taken from the experimental crystal structure. Atomic charges from natural population analysis (NPA) for a free molecule 3 were obtained at a variety of DFT levels (different functional were used in the present work; see below) and were assigned to all other molecules of the built cluster. Surface charges were added on the boundaries of the cluster in order to emulate the remaining, infinite periodic system. The NPA charges were then refined self-consistently in a series of QM/MM single-point calculations for a single molecule 3 electrostatically embedded in the surrounding MM point charges (cluster and the cluster boundary charges were updated in each cycle self-consistently until the charges changed by less than 0.0001 au). Assigning van der Waals parameters from the UFF force field to all atoms in the cluster (to derive 6-12 Lennard-Jones potentials for all atom pairs), the NPA charges were refined again through a series of QM/MM geometry optimizations where only the central molecule was included in the QM region, while all other MM molecules were kept frozen. Finally the QM region was enlarged to encompass the central molecule and two neighboring molecules (affording a trimer as shown in Figure 6c ) and QM/MM optimisations were carried out using the self-consistent charges determined previously. These calculations used BP86, B3LYP, revPBE 23 and PW6B95 24 functionals with and without Grimme dispersion corrections (DFT-D3) 13, 14 and with the def2-SVP and def2-TZVP basis sets. 8 1 H NMR chemical shifts were calculated at the BHandH/6-311+G(2d,p) level for the B3LYP/def2TZVP-optimised trimer, embedded in the array of MM point charges (reported for the central molecule only). Relaxation of the QM region containing the trimer in the gas phase started from the QM/MM-optimised coordinates using ORCA. 
